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ABSTRACT 
It is well established that bone is capable of adapting to changes in its environment; 
however, little is known regarding how environmental stimuli, specifically loading, are 
associated with the internal 3D microarchitecture of cortical bone. The aim of this thesis 
was to develop a small animal model that can be used to experimentally test hypotheses 
regarding bone adaptation. High resolution micro-CT was validated and employed as a 
novel method for the visualization and quantification of rat cortical bone 
microarchitecture in 3D. The use of this imaging method allowed for the measurement of 
primary vascular canal orientation in 3D, which had never been achieved before. Using 
this measure along with an immobilization model for unloading allowed me to test how 
loading is associated with the orientation of these vascular canals. Normally ambulating 
rat bones (from 10 female rats) had a canal structure that was 9.9° more longitudinal than 
their immobilized counterparts. This finding that loading has an effect on primary canal 
orientation brought to light the need to induce remodeling and therefore, secondary 
vascular canals, in the rat to increase its novelty as a model for looking at bone 
adaptation. Remodeling was induced by increasing the calcium demands of female rats, 
either through a calcium restricted diet (n=2) or pregnancy and lactation coupled with a 
calcium restricted diet (n=2). Mean cortical thickness for the calcium restricted rats and 
the pregnant and lactating rats that were on a calcium restricted diet were 622 µm and 
419 µm, respectively. The mean BMU count for calcium restricted rats seemed to be 
higher than that of the pregnant and lactating rats; however, the calcium restricted rats 
seemed to have a lower BMU density. Once this full-scale study is executed the rat will 
provide a more representative model for studying human bone adaptation.
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CHAPTER 1: 
INTRODUCTION 
 
1.1 Introduction 
Bone is a metabolically active tissue capable of adapting its structure to various 
stimuli and repairing structural damage. About 35% of a bone‟s dry weight is comprised 
of organic materials, most of which are collagen fibers; the other 65% is largely 
hydroxyapatite, Ca10(PO4)6(OH)2, which is a calcium-phosphate mineral (Pearson and 
Lieberman, 2004). There are two different bone types which are made up of the same 
cells and matrix elements: 1) cortical bone, which is very dense and is found in the 
diaphysis and encloses the medullary cavity and 2) trabecular bone, which refers to the 
lattice work of thin struts and plates, which are known as trabeculae, in the epiphyses 
(ends of the bone) (Baron, 2003).  
Cortical bone has a highly dynamic microstructure that undergoes continuous 
change throughout life (Jowsey, 1966). Bone modeling and remodeling are the processes 
whereby bone is formed and reformed, respectively. Modeling is prevalent during bone 
growth and is responsible for altering the size, shape and position of tissue in space. Bone 
formed by modeling is referred to as primary bone and incorporates primary vascular 
canals that develop into primary osteons (Cooper et al., 2004). Primary bone is an 
immature form of bone which is abundant in osteocytes and has irregular bundles of 
collagen (Gartner and Hiatt, 1997). This can be seen in Figure 1.1. Remodeling removes 
and replaces small packets of primary bone through the initiation of Basic Multicellular 
Units (BMUs).  A BMU contains two main cell types: 1) osteoclasts which resorb bone, 
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forming what is known as a resorption space (Robling et al., 2006) and 2) osteoblasts that 
fill in the resorption space with osteoid which mineralizes to form new bone (Robling et 
al., 2006). The new packet of bone (secondary bone) and its subsequent canal are referred 
to as a secondary osteon (secondary vascular canal). This secondary bone is considered 
mature bone, which is composed of parallel or concentric lamella with osteocytes 
dispersed at regular intervals (Gartner and Hiatt, 1997) (Figure 1.1). The process of 
remodeling plays an integral part in bone adaptation. Since the 19
th
 century it has been 
thought that bone‟s structure is dictated by the loading to which the bone is subjected 
(Wolff, 1892). The idea that loading dictates bone structure has since been hypothesized 
to include cortical bone microstructure through the process of bone remodeling. This is 
evident in studies focusing on the orientation of vascular canals (within primary and 
secondary bone) in human cortical bone (Hert et al., 1994, Petrtyl et al., 1996).  
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Figure 1.1 – A human femoral ground section viewed under polarized light where the 
arrow indicates the periosteal (outside) surface, PB is primary bone, PC is primary canal, 
RS is resorption space and SC is secondary canal. Note: A ground section view of rat 
bone can be seen in Figure 2.2 on page 17. 
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Bone is able to sense and respond to loading through a process known as 
mechanotransduction, the phenomena whereby cells sense mechanical stimuli and 
translate them into a signal that can potentially elicit some response within the cell or 
another cell (Pearson and Lieberman, 2004). The cells responsible for sensing mechanical 
stimuli are osteocytes, which are believed to act as strain receptors and transducers 
(Marotti, 1996). Where strain refers to a deformation in terms of relative displacement 
due to stresses generated by a force, such as those produced by loading. There are several 
hypotheses as to how osteocytes sense strains. Osteocyte canaliculi (long processes that 
radiate out from the cell body) are filled with fluid, which is displaced when the bone 
deforms, and the cells are sensitive to pressure changes from these flows, inducing 
prostaglandin and nitric oxide (NO) production, thereby triggering communication at gap 
junctions (Bakker et al., 2003, Bakker et al., 2001, Cowin et al., 1995). Strain may also be 
sensed by the plasma membrane of osteocytes, which contain stretch-activated ion 
channels that permit calcium flux, which has the potential to initiate other intracellular 
responses (Davidson et al., 1996, Guggino et al., 1989). Another hypothesis is that small 
changes in electrical charge are generated by strain-induced fluid flow within the bone 
matrix (Cowin and Moss, 2001). Dodd et. al. (1999) suggested a new hypothesis when 
they found that the interstitial fluid flow generated by loading is crucial for generating 
rapid diffusion of oxygen and nutrients to osteocytes. Therefore, in the absence of loading 
osteocytes would undergo apoptosis due to the lack of oxygen and nutrients, which has 
been postulated to initiate bone remodeling (Dodd et al., 1999). 
It has been suggested that osteoporosis may be due to a reduction in 
mechanosensitivity and therefore the ability to initiate mechanotrasduction, which would 
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result in a decrease in the bone‟s capacity to respond to loading (Klein-Nulend et al., 
2002, Seeman, 2004). These studies indicate that osteoporosis may be caused by a defect 
in the bone‟s adaptation mechanism (i.e. mechanotransduction). Therefore, model 
systems that improve our understanding of remodeling may also ultimately improve our 
understanding of osteoporosis. There are currently two well-established small animal 
models for studying osteoporosis: the rat ovariectomy (OVX) and the immobilization 
(IM) induced bone loss models (Jee and Yao, 2001).  One of the major shortcomings of 
using rats is that they have very low levels of intracortical remodeling which results in 
few secondary osteons.  There are two commonly used non-pharmacological ways in 
which to induce remodeling within the rat 1) introduction of an exercise program 
(increased loading) and 2) pregnancy and lactation (increased calcium demands). Another 
limitation of rat models is that their vascular canals are substantially smaller than human 
cortical bone (Jowsey, 1966).  This size differential is problematic in terms of imaging.  
Vascular canals within human cortical bone can be imaged using desktop micro-
computed tomography (micro-CT) (Cooper et al., 2003); whereas, before this thesis 
work, rat vascular canals were not visualized using this technology (Chapter 2).  In order 
to visualize cortical porosity within a rat, synchrotron radiation micro-computed 
tomography (SR micro-CT) was needed (Matsumoto et al., 2006, Matsumoto et al., 
2007). SR micro-CT uses monochromatic X-rays for CT and the potential advantages of 
these X-rays have been known since CT was invented (Hounsfield, 1973). In 1983, 
Grodzins pointed out the suitability of SR for CT (Grodzins, 1983, Zeman and Siddons, 
1990). SR micro-CT is able to visualize cortical porosity within a rat due to the 
monochromaticity of the X-rays, which allow for higher spatial resolutions to be achieved 
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along with the elimination of beam hardening artefacts, which in turn provide better 
images for quantification (Dilmanian, 1992).   
The primary goal of my thesis is to lay the groundwork for an experimental test of 
whether loading is a determinant of the 3D orientation of vascular canals.  This was done 
through addressing three objectives 1) deduce whether vascular canals within rat cortical 
bone can be imaged using a micro-CT 2) assess how immobilization affects primary 
vascular canals 3) induce remodeling within rat cortical bone. The new 3D perspective on 
bone adaptation enabled through the combination of high resolution imaging and a small 
animal model will ultimately shed light on disease processes related to remodeling, such 
as osteoporosis. The results of these studies will add to the small collection of work 
looking at the effects loading has on the 3D microarchitecture, more specifically BMUs, 
of cortical bone using current technology such as desktop micro-CT. 
 
1.2 Organization of the Thesis 
The research described within this thesis consists of a series of related studies 
conducted over the past two years (2009-2011). Chapter 2 compares micro-CT imaging 
with histology, with the intent of validating micro-CT for the application to rat cortical 
bone porosity visualization and analysis. The content of this chapter has been previously 
published in the Journal of Microscopy (Britz et al., 2010) and has been reprinted with 
the permission of John Wiley & Sons, Inc (see appendix B). This study involved a 
collaboration with Drs. Olli V. Leppänen and Teppo L.N.  Järvinen
 
of the University of 
Tampere, Dr. Jarkko Jokihaara of the University of British Columbia, as well as,
 
Dr. 
David M.L. Cooper, supervisor. The partnership with Drs. Leppänen, Järvinen and 
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Jokihaara involved the collection of the specimens utilized in this study. Chapter 2 
concludes with a technique for visualizing and quantifying rat cortical porosity using 
micro-CT that serves as the basis for testing the hypothesis in Chapter 3. 
 Chapter 3 examines the impact of paralysis (unloading) on cortical vascular canal 
orientation within the rat tibia using the micro-CT imaging technique developed in 
Chapter 2. This is achieved through the analysis of Sprague-Dawley rat tibiae that had 
been paralyzed at 3 weeks of age by sciatic neurectomy (n=10) for 27 weeks (left hind 
limb), the tibiae from the same rat‟s SHAM operated right hind limb (n=10; internal 
control) and these rat‟s age and sex matched external control tibiae (n=10) from the left 
hind limb of normally ambulating rats. This sample was derived from a previous study 
conducted by Drs. Leppänen, Järvinen and Jokihaara and the external controls were used 
in the study performed in Chapter 2 of this thesis. The hypothesis that vascular canals 
align themselves along the dominant loading direction was tested in this chapter. 
 Chapter 4 describes a pilot study, which explores different methods for inducing 
cortical bone remodeling in the rat tibia. The hypothesis that calcium restriction alone 
provides a great enough increase in calcium demand to induce remodeling is 
characterized. Achieving a better technique for inducing cortical bone remodeling in the 
rat will provide researchers with an overall better animal model for osteoporosis that can 
be easily manipulated to test different hypotheses. More specifically, the question “do 
BMUs align themselves along the dominant loading direction as vascular canals seem to 
do” was explored.  
 Chapter 5 concludes this thesis with an overview of the results from the studies 
conducted in Chapters 2 through 4 and a discussion of future research directions.   
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1.3 Summary 
The information gained from having a technique of induced remodeling in rats 
with the ability to subsequently subject them to experiments examining the effects of 
loading and unloading will provide researchers with an easily manipulated experimental 
model for looking at bone adaptation, which can more readily be used to make 
comparisons with human bone. This technique will also represent a more unique model 
of osteoporosis, which can then be employed to look at whether or not the large 
resorption spaces within the cortex of osteoporotic bone are a result of coalescing 
remodeling events due to a problem in the bone‟s mechanism of adaptation. If this turns 
out to be the case, then there will be evidence that physical activity needs to be more 
strongly encouraged in the older population in order to protect against this disease. 
This rat model for assessing the 3D implications of loading on rat cortical bone 
microarchitecture can also be applied to other disciplines such as paleontology and 
physical anthropology.  These two fields rely on skeletal material to make inferences 
about a wide range of subjects including taxonomy, evolutionary relationships, life 
history and behavior (Pearson and Lieberman, 2004).  Knowing how loading affects the 
microarchitecture of cortical bone, such as the orientation of canals, will allow specialists 
in these fields to more accurately infer behavioral movements from the fragments of bone 
they receive. 
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CHAPTER 2: 
3D VISUALIZATION AND QUANTIFICATION OF RAT CORTICAL BONE 
POROSITY USING A DESKTOP MICRO-CT SYSTEM: A CASE STUDY IN 
THE TIBIA 
 
2.1 Introduction 
The use of micro-CT for the 3D assessment of bone structure in vitro was 
introduced by Feldkamp et al. in 1989 (Feldkamp et al., 1989). Since then, this 
technology has become the gold standard for assessing the 3D architecture of trabecular 
bone. The primary advantage of micro-CT is its ability to efficiently provide non-
destructive quantitative results with little or no preparation of the sample. Previous 
methods for 3D analysis of bone involved applying theorems of stereology (Parfitt et al., 
1983) to large numbers of 2D serial sections. Substantial preparation is involved in 
obtaining these serial sections, which is time-consuming and ultimately results in the 
destruction of the specimen. 
2.1.1 Application of Micro-CT for Imaging Trabecular Bone 
 Early anatomists found that trabecular bone microstructure varied due to the 
mechanical forces normally experienced by the bone; therefore, perceiving it as a 
material of optimal design (Koch, 1917).  Trabecular bone is made up of a series of plates 
and connecting rods. During aging and disease such as osteoporosis there is a continuous 
shift from one structural type to the other (Jiang et al., 2000) which is difficult to analyze 
using the traditional technique for analyzing trabecular bone structure stated above. 
Numerous papers have been published using micro-CT to quantitatively analyze 
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trabecular bone (Barbier et al., 1999, Barou et al., 2002a, Barou et al., 2002b, Fajardo et 
al., 2002, Ito et al., 1998, Kuhn et al., 1990, Muller et al., 1996, Muller et al., 1998, 
Uchiyama et al., 1997) since it has been found to be a more accurate technique for 
quantitatively analyzing this tissue. Also, the ability to both capture the trabecular 
structure and reuse samples for biomechanical tests which are afforded by the use of 
micro-CT are also paramount to testing bone strength since it has been found to be 
closely related not only to bone mass but also trabecular bone structure (Kleerekoper et 
al., 1985, Recker, 1993).  
2.1.2 Application of Micro-CT for Imaging Human Cortical Bone 
The application of micro-CT to trabecular bone has become commonplace; 
however, the assessment of the smaller-scale internal structures within compact cortical 
bone has been more limited. The cortical bone of many vertebrates has a complex and 
dynamic microstructure that continually remodels throughout life. Remodeling-related 
change affects bone strength (Carter et al., 1976) and is linked to the functional 
adaptation of bone as well as disease states (e.g. osteoporosis). As such, analysis of 
cortical microstructure in 3D holds great potential to shed new light on a number of 
important areas of bone biology. That said, visualization of the products of remodeling 
(secondary osteons) in 3D using serial histology has been limited in scope and largely 
qualitative in nature (Cohen and Harris, 1958, Mohsin et al., 2002, Stout et al., 1999, 
Tappen, 1977). Attempts to directly detect secondary osteons with desktop micro-CT 
have not been very successful per se (Cooper et al., 2004); however, the vascular canals, 
which lie at the centre of each osteon, can be visualized and quantified with this 
technology (Cooper et al., 2003). The vascular canals of cortical bone make up an 
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interconnected network, which is altered by remodeling. Three-dimensional analysis of 
the canal network provides insights into cortical bone structural dynamics at this level 
(Cooper et al., 2007b). A growing number of studies have employed desktop micro-CT to 
analyze human cortical bone porosity (Basillais et al., 2007, Borah et al., 2009, Chen et 
al., 2009, Cooper et al., 2007a, Cooper et al., 2004, Cooper et al., 2003, Feldkamp et al., 
1989, Jones et al., 2004, Renders et al., 2007, Wachter et al., 2001); however, to my 
knowledge, it has never been applied to the cortical microstructure of a small animal, 
such as the mouse or rat.  
2.1.3 Application of SR Micro-CT for Imaging Rat Cortical Bone 
 To date, the ability to analyze the cortical microstructure of a small animal, such 
as the mouse or rat, which is challenging due to the smaller scale of the vascular canals, 
has only been achieved through the use of synchrotron radiation (SR) micro-CT. The use 
of a synchrotron X-ray source provides advantages beyond desktop micro-CT including 
higher spatial resolution (Peyrin et al., 2000), greater X-ray flux and the capacity to 
utilize a monochromatic beam which eliminates beam hardening artefacts and, therefore, 
provides better images for quantification (Dilmanian, 1992). The application of SR 
micro-CT to cortical bone porosity has included the analysis of not only human femoral 
specimens (Bousson et al., 2004) but also rats (Matsumoto et al., 2006, Matsumoto et al., 
2007) and mice (Schneider et al., 2009, Schneider et al., 2007). 
2.1.4 Study Objectives 
 Although a synchrotron affords many advantages, access and beam time are 
limited at such facilities. As such, the capability to achieve a comparable level of imaging 
in a laboratory setting is highly desirable and could substantially accelerate research in 
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this relatively unexplored area of bone biology. Thus, the primary goal of this study was 
to determine if it is possible to visualize and quantify cortical bone porosity in the rat 
using a commercially available high-resolution desktop micro-CT scanner and to validate 
the results against conventional histological analysis. 
 
2.2 Materials and Methods 
2.2.1 Specimens 
 The right tibiae from 10 skeletally mature (30-week-old) Sprague-Dawley rats 
used in the current study were collected from control rats in a previous study (using the 
femora) which was conducted by one of my collaborators (Teppo Järvinen) at the 
University of Tampere, Finland. Ethics approval for collection and study was granted by 
the Ethics Committee for Animal Experiments of the University of Tampere and the 
Provincial Government of Western Finland Department of Social Affairs and Health, 
Finland. For the current study, approval was granted by the University of Saskatchewan 
Biomedical Research Ethics Board (permit #20080050; see appendix A). The rats were 
housed in cages (16 x 27 x 42 cm), two animals per cage, at 20 °C with a light cycle of 12 
hours and had access to food and water ad libitum. 
2.2.2 Micro-computed Tomography 
 Micro-CT images will be referred to as slices and the ground sections as sections 
in accordance to the convention of Kuhn et al. (Kuhn et al., 1990). Subsamples of the 
tibiae were cut using an Isomet 1000 slow speed saw (Buehler, Lake Bluff, IL, U.S.A.) at 
the tibia-fibula junction and immediately distal to the tibial crest (Figure 2.1). This 
segment of bone was then soaked in 3% hydrogen peroxide for 3 days to clear soft tissue 
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and then allowed to air dry. These samples were scanned using a SkyScan 1172 (Kontich, 
Belgium) X-ray microtomograph (< 5 µm X-ray source spot size; 8.83 camera pixel size). 
The samples were rotated through 360 degrees at a rotation step of 0.09 degrees. The X-
ray settings were standardized to 100 kV and 100 µA, with an exposure time of 0.2 
seconds per frame. Two-frame averaging was used to improve the signal-to-noise ratio. A 
1-mm-thick aluminum filter and a beam-hardening correction algorithm were employed 
to minimize beam-hardening artefacts (SkyScan hardware/software). The scan time for 
each sample was approximately 3 hours. Each scan produced 1124 contiguous slices with 
a nominal resolution of 3 µm. To reduce image noise and preserve detail in three 
dimensions, the image series was passed through a 3D median filter with a 3 x 3 x 3 cubic 
kernel (SkyScan software). These images were analyzed using CT Analyzer 1.9.1.0 
(SkyScan software). A circular region of interest (ROI) with a 1 mm diameter was placed 
with one edge touching the periosteal surface of the anterior part of the bone (Figure 2.1). 
This ROI was isolated to facilitate a direct comparison with histological measures (see 
below) and the anterior crest provided the largest field within the tibia. For the micro-CT 
datasets, the 2D ROI was extended through 200 slices (0.6 mm) to create a cylindrical 
volume of interest. The canals were identified using a standardized global threshold and 
the binarized dataset was then „despeckled‟, removing 3D objects that consisted of less 
than 25 voxels – which I assumed to be noise. Percent porosity (canal volume fraction) 
and mean canal diameter were measured as described by Cooper et al. (Cooper et al., 
2003). Canal diameter was measured using a model-independent distance transform 
based on Euclidean distance (see Jones et al., 2009, Mickel et al., 2008 for reviews) 
where the diameter at a specific point in the structure is the diameter of the largest sphere 
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which can fit completely inside the 3D structure, which was first used to extensively 
measure trabecular thickness in bone (Hildebrand and Ruegsegger, 1997) and has since 
been used to measure canal diameter in cortical bone (Cooper et al., 2003).  SkyScan 
software (CTAn and CTVol) was employed to make 3D renders of cortical bone porosity 
using the double-time cubes method. 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.1 – A schematic of the rat tibia and the area scanned along with a cross-section 
depicting a shaded-in region of interest (ROI). 
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2.2.3 Ground Section Histology 
 After scanning, the bone specimens were embedded in EpoThin epoxy resin 
(Buehler, Lake Bluff, USA) before being placed into an Isomet 1000 slow speed saw 
(Buehler, Lake Bluff, USA) and five subsequent cuts were made, starting at the proximal 
end. These cuts were made at 0.25 mm intervals. The third and fifth sections from each 
bone were ground down between two pieces of 2000 grit sand paper until they were 100 
microns thick, using a technique adapted from Frost (Frost, 1958). The 100 µm sections 
were placed in hydrogen peroxide for a minute before being put in an ultrasonicator to 
remove the fine grit. The sections were imaged using a SONY DSC-V3 camera on a 
Leica LEITZ DMR microscope. Images of the anterior portion of the tibiae were taken at 
20X magnification (tiled to cover the whole region). These images were analyzed using 
the ImageJ software platform (v1.40G, NIH; http//rsb.info.hih.gov/ij/). Built-in 
capabilities of ImageJ and custom written macros were employed. For each image a 
circular ROI, with a 1 mm diameter, was placed with one side touching the periosteal 
surface. The size and location of this ROI corresponded to that used in CT Analyzer to 
assess the micro-CT slices. Within the ROI all canals were manually outlined using an 
interactive LCD tablet (Cintiq 12WX model, Wacom Co. Ltd., Japan). The following 
measurements were obtained: percent porosity which represented the percent of the bone 
area within the ROI that was occupied by canals; canal diameters were measured as the 
mean of the central ridge after a two-dimensional Euclidean distance transform of the 
canal outline. The percent porosity and mean canal diameter were averaged across the 
two sections from each specimen and these values were utilized for quantitative 
comparisons against the micro-CT datasets. Qualitative comparisons were made against 
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average projections through 33 micro-CT slices, to approximate an equal thickness of 
bone in both the slices and sections. 
2.2.4 Statistical Methods 
 All statistical analysis was performed using SPSS 16.0 (SPSS Inc., Chicago, IL, 
USA). Overall mean values for percent porosity and mean canal diameter were calculated 
from the individual specimen values (n=10) from both the micro-CT datasets and 
histological sections. The results from the two methods were compared in accordance 
with the approach outlined by Altman and Bland (Altman and Bland, 1983). Briefly, this 
approach involves plotting the difference between two methods against their mean. Bias 
is defined as the mean difference between the two techniques. In this case, the micro-CT 
results were subtracted from the histological results. Paired T-tests were performed with 
significance α <0.05 to compare the two methods and provide information on the 
significance of the differences. 
 
2.3 Results 
 Cortical canals were clearly visualized in the micro-CT slices. Histological 
sections matched up well with the average projections through 33 slices as seen in Figure 
2.2. The cutting cones of active basic multicellular units (BMUs) were also occasionally 
discernable (Figure 2.3). The average percent porosity was found to be 2.6 % ± 1.0 % for 
the histological sections and 2.8 % ± 1.1 % for the micro-CT slices. The average canal 
diameter was found to be 11.5 µm ± 1.35 µm in the histological sections and 17.2 µm ± 
1.91 µm from the micro-CT slices. Figures 2.4 and 2.5 show Bland-Altman plots for 
percent porosity and canal diameter, respectively. The bias (± 95% confidence interval) 
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for percent porosity was -0.2 % (± 2.6 %). Canal diameter had a bias (± 95% confidence 
interval) of -5.73 µm (± 4.02 µm) as seen in Figure 2.5. Paired T-tests revealed the bias 
for percent porosity not to be significantly different from zero (p=0.720), whereas, it was 
found to be significantly different when considering canal diameter (p<0.001). 
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Figure 2.2 – Anterior portion of a tibial cross-section from a 100 µm ground section (A), micro-CT projection through 33 slices (B), 
3D render of 33 micro-CT slices (C). Three hundred micro-CT slices are equal in thickness to 100 µm. Bar = 200 µm. 
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Figure 2.3 – A 3D rendering of the canals in a piece of rat cortical bone with a 
highlighted basic multicellular unit (BMU). 
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Figure 2.4 – Bland-Altman plot of the differences between micro-CT and histology for 
measuring cortical porosity (%). The same 10 specimens were used for both micro-CT 
and histology. Paired T-tests revealed the bias for percent porosity was not significantly 
different from zero (p=0.720); therefore micro-CT can be used to measure cortical 
porosity. 
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Figure 2.5 – Bland-Altman plot of the differences between micro-CT and histology for 
measuring canal diameter (µm). The same 10 specimens were used for both micro-CT 
and histology. Paired T-tests revealed the bias for canal diameter was significantly 
different from zero (p<0.001); therefore, micro-CT overestimates canal diameter by about 
5 µm. 
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2.4 Discussion 
 There have been numerous micro-CT validation studies for trabecular (Feldkamp 
et al., 1989, Hildebrand et al., 1999, Kuhn et al., 1990, Muller et al., 1998) and cortical 
bone (Cooper et al., 2004, Wachter et al., 2001); however, none have looked at the 
cortical porosity of a small animal model such as the rat. This study is the first of its kind 
to show that it is possible to visualize the porosity within rat cortical bone using a desktop 
micro-CT and to validate quantitative results against conventional histology. The matches 
between the micro-CT slices and corresponding histological sections provided qualitative 
validation of the approach (Figure 2.2). These matches were often not as precise as those 
depicted in a previous validation study of human cortical bone (Cooper et al., 2004); 
however, the cortical canals within human cortical bone are substantially larger than 
those found in rats and generally longitudinally oriented. The far greater frequency of 
radial canals in the rats created difficulty in achieving precise matches as slight variations 
in orientation created far greater changes in apparent morphology. From a quantitative 
perspective, the percent porosity measures were more comparable to histology than were 
measures of canal diameter. This supports a previous finding by Muller et al. (Muller et 
al., 1998). 
 The only previous work to examine rat cortical porosity in 3D is that of 
Matsumoto and colleagues (Matsumoto et al., 2006, Matsumoto et al., 2007) which 
employed SR micro-CT (Spring8, Japan). In two published studies, they used a nominal 
resolution of 5.83 µm to image a portion of the tibia similar to that assessed in the current 
study. Their studies generated percent porosities of 1.7 % (Matsumoto et al., 2006) and 
2.0 % (Matsumoto et al., 2007) for control specimens. These values are slightly lower 
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than those I obtained (2.8 %). With respect to mean canal diameter, my value from 
micro-CT was 11.5 µm, this time slightly lower than the values obtained by Matsumoto 
et al. at 13.9 µm (Matsumoto et al., 2007) and 17.5 µm (Matsumoto et al., 2006). These 
differences can be attributed to a number of variables including differences in strain 
(Wistar vs. Sprague-Dawley rats), age (14 weeks vs. 30 weeks), sex (male vs. female) 
nominal scan resolution (5.84 µm vs. 3 µm), imaging system (synchrotron vs. micro-
focus source), analytical software, etc. The two most notable factors were differences 
between the synchrotron and desktop system and the maturation of the specimens. 
Bernhardt et al. (Bernhardt et al., 2004), for example found there to be considerable 
differences in results depending on the type of scanning system used and cautioned 
against directly comparing results. Further, the impact of age differences was likely 
significant as rats undergo rapid growth until 8 weeks and then a stage of slower, steady 
growth continues (Bennell et al., 2002). Thus, the specimens used in the current study 
were derived from considerably more mature rats than those used by Matsumoto et al. 
(Matsumoto et al., 2006, Matsumoto et al., 2007).  
 Although Matsumoto and colleagues conducted qualitative validation by 
comparing histological images against SR micro-CT image data, they did not conduct a 
quantitative validation. In the comparison carried out in this study, the results for percent 
porosity from micro-CT were in very close agreement with those from histology. The 
bias for percent porosity was found to be -0.2 %, which indicates the micro-CT was 
slightly overestimating porosity but this difference was not significant. For mean canal 
diameter, a significant (p<0.001) bias of -5.73 µm between the techniques with micro-CT 
overestimating relative to histology this time. Although some of the discrepancy between 
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the two techniques is attributable to differences in the specific region analyzed and the 
nature of the measurements (2D vs. 3D), in general the results are consistent with a 
pattern whereby the 3 µm nominal resolution (<5 µm X-ray source spot size) was 
insufficient for detection/segmentation of the smallest of canals. When the size of the 
target object approaches the spatial resolution of the scan, the averaging effect has an 
increasing affect on the scan (Cooper et al., 2004); the edges of the object will appear 
blurred and this can lead to difficulties with segmentation. Further, post-acquisition 
modifications such as median filtration, although necessary to suppress noise, also blur 
fine details. The loss of small canals to the partial volume effect could explain why my 
values for mean canal diameter were inflated although overall percent porosity was 
concomitantly deflated. Notably, a similar pattern of results was found in a study 
validating 2D micro-CT and histological measures in human cortical bone. Cortical 
porosity was not significantly biased between the methods although pore area was 
(Cooper et al., 2004). This differential stability of results for overall thickness/diameter 
has been described previously in resolution dependency studies of trabecular (Muller et 
al., 1996) and cortical bone (Cooper et al., 2007a). 
 The results of this study also revealed that micro-CT imaging of rat cortical bone 
faces the same limitations observed in human bone studies. For example, I was unable to 
differentiate between the types of canals present because fine structural details such as 
osteonal cementing lines/lamellae were not visible in the micro-CT slices (Cooper et al., 
2007a). To achieve such a level of imaging, it may, ultimately, be necessary to utilize SR 
micro-CT. The improved resolution of such systems has already enabled the visualization 
and quantification of osteocyte lacunae in the mouse (Schneider et al., 2009, Schneider et 
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al., 2007). Further, phase contrast techniques have enabled SR micro-CT to non-
invasively assess dental microstructures that are similar in scale to bony lamellae 
(Tafforeau and Smith, 2008). Although SR micro-CT has many advantages, it has a 
major disadvantage – limited access. Thus, although desktop micro-CT systems cannot 
rival the capabilities of SR micro-CT, they offer a more accessible alternative for certain 
levels of imaging. 
 
2.5 Conclusion   
Many studies have employed micro-CT to qualitatively and quantitatively analyze 
cortical porosity within human bone. The aim of this study was to establish desktop 
micro-CT as a more readily available way to quantify cortical porosity in a small animal 
such as the rat. This study has demonstrated that cortical porosity imaging in the rat is 
indeed possible in a laboratory setting with commercially available equipment. This 
finding will greatly expand access and accelerate research in the area of 3D cortical bone 
structure.
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CHAPTER 3: 
THE EFFECTS OF IMMOBILIZATION ON VASCULAR CANAL 
ORIENTATION IN RAT CORTICAL BONE 
 
3.1 Introduction 
 Bone is a metabolically active tissue capable of adapting its structure to 
mechanical stimuli and it is capable of repairing structural damage. Bone adaptation and 
structural repair occurs in 3D and therefore, cannot be fully characterized using 2D 
methods. For this reason Chapter 2 introduced the application of micro-CT for 3D 
visualization and quantification of cortical bone porosity in the rat. The current chapter 
used the micro-CT technique developed in Chapter 2 to obtain 3D images that can be 
employed for measuring vascular canal orientation in rat cortical bone. The study 
described in this chapter tested the effect of immobilization (unloading) on these 
measures of vascular canal orientation.   
3.1.1 Bone Adaptation to Mechanical Loading 
 It has been over a century since it was first recognized that bone adapts its 
structure to the mechanical forces exerted upon it. The ability of bone to adapt its 
structure to its mechanical environment allows it to remain structurally sound and endure 
the loads it is exposed to without breaking. In 1892, Julius Wolff found that trabeculae 
within the femoral neck align in the direction of the principal stress (Wolff, 1892).  Since 
this discovery, loading has been shown to affect bone length (Howell, 1917, Steinberg 
and Trueta, 1981), mass (McDonald et al., 1986, Raab et al., 1991, Turner and Bell, 
1986), shape (Rubin, 1984), cross section (Bennell et al., 2002, Uhthoff and Jaworski, 
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1978) and strength (Järvinen et al., 2003b, Leppänen et al., 2008).  Most recently, the 
focus of studies involving mechanical loading and bone adaptation have been centered on 
how secondary osteons are affected.  Using either in silico (Baca et al., 2007, Burger et 
al., 2003, Smit and Burger, 2000, Smit et al., 2002, van Oers et al., 2008b), histologic 
(Lanyon and Bourn, 1979) or ink-based (Hert et al., 1994, Pazzaglia et al., 2008, Petrtyl 
et al., 1996) techniques it has been found that osteons align themselves parallel to the 
loading direction.  In regards to the effect of loading on osteon geometry, Young et al. 
found that an increase in strain resulted in a decrease in osteon size in monkeys (Young et 
al., 1986). A similar finding was later reported in humans, when Britz et al. showed 
osteon diameter to be lower in heavier people (Britz et al., 2009).   
While most research in this area has focused on secondary osteons, the orientation 
of primary cortical structures has also been linked to loading. In 2002, de Margerie  found 
that bones subjected to different loading patterns (strain mode)  had different degrees of 
laminarity, where laminarity is a measure of vascular orientation and is found by dividing 
the area of circular (circumferential) canals by the total vascular area  (de Margerie, 
2002).  More specifically, they found that torsional loading causes a higher degree of 
laminarity (more circumferential canals), whereas, compression, tension or bending 
forces resulted in a lower degree of laminarity (more longitudinal canals).  This pattern 
was further demonstrated in another study by de Margerie et al. where they examined 
how differences in torsional loading affect the vascular orientation within chicken humeri 
(de Margerie et al., 2005).   
Most early studies in the fields of bone adaptation and bone strength focused on 
gross morphology, such as shape, size, mass, and trabecular arrangement due to the 
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visualization techniques available.  With the advancement of high resolution imaging 
technology the internal microarchitecture of cortical bone has become increasingly 
accessible.  In 2003, Cooper et al. demonstrated that it was possible to visualize and 
quantify human cortical porosity in three dimensions (3D) using desktop micro-computed 
tomography (micro-CT) (Cooper et al., 2003).  Chapter 2 demonstrated that it is possible 
to visualize and quantify intracortical porosity in rats using desktop micro-CT (Britz et 
al., 2010) which had previously only been achieved using synchrotron radiation (SR) 
micro-CT (Matsumoto et al., 2006, Matsumoto et al., 2007).  Desktop micro-CT is a far 
more accessible means by which to examine the effects of loading on bone adaptation 
from a different perspective – in 3D.  
3.1.2 Study Objectives 
 To my knowledge there has not been an experimental study which has examined 
the effects of unloading on the 3D arrangement of the cortical canal network. Thus, the 
primary goal of this study was to employ desktop micro-CT technology to determine how 
loading affects the 3D orientation of cortical vascular canals (hereafter canals) in the rat 
using an immobilization (sciatic neurectomy) model. 
 
3.2 Materials and Methods 
3.2.1 Specimens 
 The left tibiae from ten Sprague-Dawley rats (30 weeks old) that had been 
immobilized (sciatic neurectomy) at three weeks of age for 27 weeks, right SHAM 
operated tibiae from these same rats (internal control) and the right tibiae from ten normal 
age-matched rats (external control) were utilized for this study.  These specimens were 
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derived from the same animals as a previous study conducted on the femora by one of the 
co-authors (TJ) at the University of Tampere, Finland (Leppänen et al., 2010). Ethics 
approval for collection and study was granted by the Ethics Committee for Animal 
Experiments of the University of Tampere and the Provincial Government of Western 
Finland Department of Social Affairs and Health, Finland. For the current study approval 
was also granted by the University of Saskatchewan Biomedical Research Ethics Board 
for this research (permit #20080050; see appendix A). The rats were housed in cages (16 
x 27 x 42 cm), two animals per cage, at 20 °C with a light cycle of 12 hours and had 
access to food and water ad libitum. 
3.2.2 Micro-computed Tomography 
 Subsamples of the tibiae were cut using an Isomet 1000 slow speed saw (Buehler, 
Lake Bluff, USA) at the tibia-fibula junction and immediately distal to the tibial crest. 
This segment of bone was soaked in 3% hydrogen peroxide for three days to clear the 
soft tissue and allowed to air dry. These samples were scanned using a SkyScan 1172 
(Kontich, Belgium) x-ray microtomograph (< 5 µm x-ray source spot size; 8.83 camera 
pixel size). As previously described in Chapter 2 of this thesis and in my 2010 
publication (Britz et al., 2010), the samples were rotated through 360 degrees at a rotation 
step of 0.09 degrees. The x-ray settings were standardized to 100 kV and 100 µA, with an 
exposure time of 0.2 seconds per frame. Two-frame averaging was used to improve the 
signal-to-noise ratio. A 1 mm thick aluminum filter and a beam-hardening correction 
algorithm were employed to minimize beam-hardening artefacts. The scan time for each 
sample was approximately 3 hours. Each scan produced 1124 contiguous slices with a 
nominal resolution (isotropic voxel size) of 3 µm. To reduce image noise and preserve 
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detail in three dimensions, the image series were passed through a 3D median filter with a 
3 x 3 x 3 cubic kernel. These images were analyzed using CT Analyzer 1.9.1.0 (SkyScan, 
Kontich, Belgium). The volume of interest contained the whole bone cross section and 
was extended through 300 slices (0.9 mm).  The canals were identified using a 
standardized global threshold and the binarized datasets were then „despeckled‟, 
removing noise in the form of 3D objects that consisted of less than 25 voxels. Percent 
porosity (canal volume fraction) and mean canal diameter were measured by methods 
described previously (Cooper et al., 2003). Briefly, canal diameter was measured using a 
model-independent distance transform based on Euclidean distance (see Jones et al., 
2009, Mickel et al., 2008 for reviews) where the diameter at a specific point in the 
structure is the diameter of the largest sphere which can fit completely inside the 3D 
structure, which was first used to extensively measure trabecular thickness in bone 
(Hildebrand and Ruegsegger, 1997) and has since been used to measure canal diameter in 
cortical bone (Cooper et al., 2003).  The measures of orientation were obtained by 
importing the micro-CT slices into Amira 5.3 (Visage Imaging Inc., Berlin, Germany) 
where a volume render of the canals was made (Figure 3.1A) and subsequently 
skeletonized (Figure 3.1B).  Each skeletonized canal was divided into 30 pixel lengths 
(Figure 3.1C). To test whether a length of 30 pixels was adequate for measuring canal 
orientation the analysis was run at 15, 30 and 45 pixel lengths for one specimen (Figure 
3.2). There were no differences between pixel lengths so I chose to use 30 pixels since it 
was roughly comparable to a 100 µm thick histologic section. The use of smaller 
segments for measuring canal orientation provided a more robust procedure since it took 
into consideration the non-linear (bent) canals. The angle of each canal segment was 
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measured with respect to the horizontal axis of the bone where an angle of 0° represents a 
radial canal and angles approaching +/- 90° are increasingly longitudinal. As I was 
interested in comparing radial versus longitudinal orientations, the absolute value of the 
angle was used to calculate mean orientation. Mean canal orientation was represented by 
a weighted average (by canal length) to account for those canal segments shorter than 30 
pixels. This length-weighted average for canal orientation also provided a more robust 
measure of canal orientation that was capable of compensating for cases where the canals 
were broken up due to imaging limitations of the micro-CT. In addition to mean 
orientation, the orientations of the individual canal segments were used to calculate 
orientation distributions, binned in 5° intervals, for the whole sample. The plots of these 
distributions (Figure 3.3) provided a more in depth view of the differences underpinning 
the mean orientations. It should be noted that this study did not differentiate between 
primary and secondary vascular canals. It was assumed that the vascular canal network 
was dominated by primary canals since rats have a very low rate of remodeling and the 
study performed in Chapter 2 did not find any osteons in the ground sections (data not 
shown). 
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Figure 3.1 – A block of bone (300 micro-CT slices) from an immobilized bone showing 
the canals (A) the skeletonized canals with canal endpoints and branches highlighted (B) 
and the sub-sampled skeletonized canal structure at 30 pixel intervals with endpoints and 
branches highlighted (C). Scale bar = 100 µm. 
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Figure 3.2 – Line graph showing the percentage of total canals within 5° bins for the 
whole bone for segmentation done at three different pixel lengths. Univariate analysis 
(general linear model) was employed to test for differences between the three 
segmentation lengths. This was followed by pair-wise post-hoc (Bonferroni) comparisons 
in the event a significant difference was found among the groups. No significant 
differences were found between any of the segmentation lengths.   
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Figure 3.3 – Line graph showing the percentage of total canals within 5° bins for the whole bone of each group (external control, 
internal control and immobilized). The average of each bin from 10 specimens from each group are presented in this graph, where * 
represents p<0.05 for comparisons between the internal control and the immobilized bones using a paired t-test. The external control 
line is present for a visual comparison between the three different loading conditions. Error bars signify the standard error of the mean.
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3.2.3 Statistical Methods 
 All statistical analysis was performed using SPSS 16.0 (SPSS Inc., Chicago, IL, 
USA).  Univariate analysis (general linear model) was employed to test for differences in 
canal orientation, percent porosity, canal diameter, canal separation and body weight 
across the three groups. This was followed by pair-wise post-hoc (Bonferroni) 
comparisons in the event a significant difference was found among the groups. As the 
immobilized and internal groups were not truly independent, I also performed paired t-
tests to compare all parameters for these two groups. Additionally, paired t-tests were 
performed on the 5° binned orientation results to further explore differences between the 
immobilized and internal control groups. 
 
3.3 Results 
Qualitatively there was a readily apparent difference in the cross-sectional shape 
of the immobilized bones.  They were more circular with a thinner cortex, whereas, the 
external control and internal control bones were more triangular and had a thicker cortex 
(Figure 3.4).  Summary statistics can be visualized in Figure 3.5. Mean canal orientation 
was found to be 51.3° in external control bones, 44.5° in internal control bones and 41.4° 
in immobilized bones. The general linear model revealed these values to be significantly 
different between external control and immobilized tibiae (p<0.001) and between the 
external control and internal control tibiae (p<0.05). In both cases the canals of the 
external control bones were oriented more longitudinally with mean differences of 
9.9°and 6.8°, respectively. The difference between the immobilized and internal control 
tibiae was not significant using the general linear model or the paired t-test. When applied 
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to the binned orientation data the paired t-tests showed significantly (p<0.05) greater 
proportions of canals within 25°, 30°, 35°, and 50° bins of the internal control tibiae 
(Figure 3.3). 
The mean percent porosity was 1.3%, 1.1% and 1.1% for immobilized, external 
control and internal control bones, respectively. Mean canal separation for these three 
groups was 178 µm, 180 µm and 160 µm, respectively.  Mean body weight was found to 
be 304 g, 305 g and 304 g for these three groups, respectively. The general linear model 
found no differences between any of the groups for percent porosity, canal separation and 
body weight. With respect to canal diameter, the general linear model detected only one 
significant (p<0.001) difference with the immobilized tibiae having larger canals (17 µm) 
when compared to external control tibia (15 µm) (Figure 3.4). The canal diameter was 15 
µm for both the internal control and external control tibiae.  
 Similarly, the paired t-test using mean results showed no significant difference 
between immobilized and internal control bones for percent porosity, canal separation, 
canal orientation or body weight. There were, however, significant differences found in 
canal diameter between these two groups (p<0.001). 
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Figure 3.4 – Three dimensional renderings of 300 slices from longitudinal sections from 
the medial aspect of an external control bone (A) an internal control bone (B) and an 
immobilized bone (C). Keep in mind that both external and internal control bones are 
from the right limb (A and B) and the immobilized bone is from the left limb (C). Scale 
bar = 100µm.
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 Figure 3.5 – Bar graphs for percent porosity, canal diameter, canal separation and 
orientation are represented here. Ten bones were analyzed for each of the three groups 
(external control, internal control and immobilize). Univariate analysis (general linear 
model) followed by pair-wise post hoc (Bonferroni) were performed and * represents 
p<0.05 and ** represents p<0.001. Error bars represent the 95% confidence interval. 
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3.4 Discussion 
 There have been numerous studies that look at the effect loading has on cortical 
bone morphology. More specifically, how loading affects cross sectional area (Bennell et 
al., 2002, Turner and Bell, 1986, Uhthoff and Jaworski, 1978), cortical bone porosity 
(Barth et al., 1992, Currey, 1988, Martin and Ishida, 1989, McCalden et al., 1993, 
Schaffler and Burr, 1988, Skedros et al., 1994a, Skedros et al., 1994b, Skedros et al., 
1997, Steinberg and Trueta, 1981, Yeni et al., 1997), the canal network (Matsumoto et 
al., 2006, Matsumoto et al., 2007), osteon diameter (Britz et al., 2009, van Oers et al., 
2008a, van Oers et al., 2008b, Young et al., 1986) and osteon orientation (Burger et al., 
2003, Hert et al., 1994, Lanyon and Bourn, 1979, Petrtyl et al., 1996, Smit and Burger, 
2000, Smit et al., 2002); however, to my knowledge none have experimentally examined 
how loading affects primary canal orientation in 3D. This study is thus the first of its kind 
to show in 3D that loading does affect cortical canal orientation during growth. Canals 
within the cortex of normally loaded bones (external controls) were oriented significantly 
more longitudinally (9.9° on average) than those found in immobilized bones (p<0.001) 
(Figure 3.4). Hert and Petrtyl‟s papers were the last to measure orientation; however, 
these measures were obtained using an India ink method with a focus on human 
secondary osteons (Hert et al., 1994, Petrtyl et al., 1996). They found that osteon 
orientation was relatively uniform, varying between 5° and 15°  from the long axis of the 
bone (Hert et al., 1994). Hert et al. looked at vascular canals along with osteons, and 
described them as being „longitudinally elongated meshes‟ (Hert et al., 1994). Another 
study by Pazzaglia and colleagues found that vascular canals (both primary and 
secondary) had a prevailing longitudinal orientation (Pazzaglia et al., 2010). Similarly, I 
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found that under normal loading conditions (external control group) primary vascular 
canals in the rat followed an oblique path which was significantly more longitudinal than 
both the immobilized and internal control limbs. While the mean orientation of the 
internal control limbs was not significantly different from the immobilized limbs, plots of 
the binned distributions of canal orientations (Figure 3.3) revealed that unloading was 
indeed having an impact. These plots had a peak at 70-75° in all groups, dominating the 
distribution of orientations for the external control group. In contrast, the immobilized 
group was characterized by higher numbers of more radially oriented canals, particularly 
those less than 15°. The internal control group exhibited an intermediate position between 
these extremes, with a bimodal distribution with its second peak at 25-30°. As Figure 3.3 
demonstrates, this second peak resulted in significantly (p<0.05) higher percentages of 
canals in the 20-35° range when compared against the immobilized group. 
The intermediate position for the internal control  group is likely the consequence 
of altered loading due to compensation for the paralysis of the contralateral limb – a 
phenomenon known as the “crutch effect” (Dellon and Dellon, 1991, Malushte et al., 
2004).  Single limb nerve injury studies have found that the contralateral limb of rats 
undergoing this procedure encounter compensatory changes in the non-injured limb 
which are evident as a change in gait (Dellon and Dellon, 1991, Malushte et al., 2004) or 
dry bone weight (Cohen et al., 1999).  This could explain both the difference I observed 
between the external and internal control groups as well as the lack of significance in 
mean orientation between the immobilized and internal control groups. The insignificant 
difference between the immobilized and internal control groups could be attributed to the 
systemic effects of the sympathetic nervous system. Sciatic neurectomy has been shown 
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to induce bone loss in the neurectomized limb, but also in the non-neurectomized 
contralateral limb (Kingery et al., 2003). This study showed that cross-talk between the 
contralateral limbs does occur; however, whether it is attributed to the sympathetic 
nervous system is heavily debated. Other studies looking specifically at cortical bone 
have found that innervated and denervated limbs react identically to controlled loading 
(de Souza et al., 2005, Hert et al., 1971), indicating the sympathetic nervous system does 
not modulate cortical bone gain induced by loading.  
It is very rare that loading results in a uniform strain mode (Cooper et al., 2008). 
An example of this would be, in bending, when one side of the bone is under 
compression the opposite side will be under tension (Petrtyl et al., 1996). This regional 
variation in strain mode has been found to affect canal orientation (de Margerie et al., 
2002). As such, the regional differences seen in Figure 3.4A and B may have been a 
result of the regional variation in strain mode. This may also explain why qualitatively 
there appeared to be less regional variation in canal orientation within the immobilized 
bones (Figure 3.4C). One of the limitations of this study was that regional variation of 
strain modes was not accounted for. I can make inferences in terms of what I would 
expect to see in terms of orientation by region based on what I know about regional 
strains in other bones. The rat tibia is a curved bone with its anterior aspect being convex 
and posterior aspect being concave, similar to that of a sheep radius. Studies looking at 
sheep radii have found that convex surfaces are strained in longitudinal tension, whereas, 
concave surfaces are strained in longitudinal compression (Lanyon and Baggott, 1976). I 
would expect to see more longitudinal canals in the anterior aspect of the rat tibia since it 
is under tension and Hert et al. have found that compression results in more oblique 
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osteons than tension does (Hert et al., 1994). I would also expect to find more radial 
canals in the medial and lateral aspects of the bone since the neutral axis should pass 
through these regions since it separates areas in compression from those in tension 
(Peterman et al., 2001, Sonoda et al., 2003). A study looking at canal orientation by 
region would confirm if this pattern would be observed and provide a better 
understanding of how loading is affecting bone microarchitecture and may shed further 
light on the distributions of canal orientations depicted in Figure 3.3. 
Growth rate has been known to affect the primary microarchitecture of bone 
(Castanet et al., 1996, Castanet et al., 2000); however, a more recent study has shown that 
canal orientation is quite independent of growth rate (de Margerie et al., 2002).  It has 
since been speculated that changes in canal orientation are more likely to reflect the 
bone‟s need to resist specific loads (de Margerie, 2002, Swartz et al., 1992). This is 
supported by my finding of different canal orientations in loaded versus unloaded bones.  
The predominant longitudinal orientation of the loaded bones in this study could be an 
adaptation to resist the shear stresses that are experienced by the tibia. The canals in the 
immobilized bones were more radial – suggesting this pattern arises in the absence of the 
stresses experienced during normal loading. The bones from the internal control group 
were significantly less longitudinal than the external control group but more longitudinal 
(difference not significant) than the immobilized bones.  This may be due to a reduction 
in overall activity of the rats, causing the internal control limb as well as the immobilized 
limb to experience disuse. This coupled with the possibility of the internal control bone 
experiencing an altered loading condition due to the need to compensate for the loss of 
the contralateral limb‟s function (Dellon and Dellon, 1991, Malushte et al., 2004) could 
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explain why there is a difference between the external and internal control bones but not 
between the internal control and immobilized bones. Figure 3.3 supports the 
interpretation that such compensation did indeed affect the internal controls since their 
distribution of orientations was intermediate between that of the external control and the 
immobilized group.  
If the differences in orientation I observed do indeed reflect a functional 
adaptation it would suggest some means of mechanosensation is utilized to control the 
incorporation of vasculature within bone during growth. Several studies have looked at 
the potential role of mechanosensation (e.g. based upon strain and fluid flow) in 
determining secondary osteon orientation (Burger et al., 2003, Smit et al., 2002, van Oers 
et al., 2008a); however, orientation of secondary structures is based upon the paths of 
osteoclastic cutting cones and thus represents a very different phenomenon. To my 
knowledge no study has looked at whether or not mechanosensation is a driving force 
behind primary canal orientation which is established as a bone grows. My experimental 
design did not allow us to look at the possible differences between growth rate and/or 
factors related to mechanosensation. A model to begin getting at 3D remodeling which is 
outlined in Chapter 4 will be important in assessing the degree to which these factors do 
or do not contribute to canal orientation. 
Previously, it has been shown that loading has a positive effect on bone strength 
(Bagi et al., 1993, Bennell et al., 2002, Notomi et al., 2000, Raab et al., 1991, Verhaeghe 
et al., 2000).  Experiments where the subjects were exercised found that exercise 
increased strength by changing bone geometry (cross sectional area), cortical bone 
thickness and area (Bell et al., 1980, Bennell et al., 2002, Järvinen et al., 2003a, Järvinen 
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et al., 2003b, Leppänen et al., 2008, Pajamaki et al., 2003, Woo et al., 1981). 
Microarchitectural changes within cortical bone such as, osteon area (Evans and Bang, 
1967, Evans and Vincentelli, 1974), osteon density (Evans and Vincentelli, 1974, 
Vincentelli and Grigorov, 1985, Yeni et al., 1997) and intracortical porosity (Barth et al., 
1992, Currey, 1988, Martin and Ishida, 1989, McCalden et al., 1993, Schaffler and Burr, 
1988, Skedros et al., 1997, Yeni et al., 1997) were found to accompany these gross 
morphologic changes. More recently, canal orientation has been added to this list. 
Mullins et al. found that variation in canal orientation (Haversian and Volkmann canals) 
caused up to a 20% decrease in longitudinal shear modulus, and therefore bone strength 
(Mullins et al., 2007). Bone strength testing was not within the scope of the present study; 
however, according to the aforementioned study by Mullins et al., I would expect that 
immobilized bones would be weaker than external control bones due to their differing 
canal orientations (Mullins et al., 2007).  
These results revealed that loading affects the 3D orientation of vascular canals 
within rat cortical bone. This could contribute, at least in part, to the positive effect 
loading has on bone strength (Bagi et al., 1993, Bennell et al., 2002, Notomi et al., 2000, 
Raab et al., 1991, Verhaeghe et al., 2000). I also found there to be a significant difference 
in canal diameter between external control and immobilized bones and internal control 
and immobilized bones. The literature suggests that canal diameter may also affect bone 
strength (Sevostianov and Kachanov, 2000, Yeni et al., 1997). Whereby, larger canals 
cause the bone to be weaker. My results indicate that cortical bone in the rat has a highly 
variable microarchitecture which is directly affected by mechanical stimuli. I hypothesize 
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that the variation in cortical bone microarchitecture reflects a functional adaptation aimed 
at improving bone‟s ability to endure loading. 
 
3.5 Conclusion   
The finding that loading affects canal orientation has implications for studies 
focusing on the mechanical properties of bone, and will ultimately lead to advancements 
in the understanding of bone adaptation, aging and disease. This study also opens the 
door for subsequent studies looking at the effect of regional variation on primary vascular 
canal measures, especially 3D orientation, due to differential strain modes. Further 
studies are also needed to clarify whether mechanotransduction and/or growth rate is the 
primary determinant of canal orientation. The next chapter of this thesis looks at inducing 
remodeling in rats, making them a better model for future studies looking at loading and 
secondary canal orientation. 
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CHAPTER 4: 
DEVELOPMENT OF A RAT MODEL TO STUDY THE 3D REGULATION OF 
CORTICAL BONE REMODELING: A PILOT STUDY 
 
4.1 Introduction 
 Chapter 3 demonstrated that loading affects primary vascular canal orientation; 
however, I was unable to assess how loading affects remodeling events (secondary 
vascular canals) since rats have such a low rate of remodeling. This chapter looks at 
different ways to induce remodeling in the rat through pregnancy, lactation and calcium 
restriction. More specifically, it examines whether calcium restriction alone is adequate to 
induce remodeling or if pregnancy and lactation are needed to increase the body‟s 
demand for calcium in order to initiate bone resorption and therefore remodeling. Once a 
technique for inducing remodeling in rats is established it can be employed for looking at 
how loading and other stimuli affect the orientation of these remodeling events (BMUs). 
It should be noted that subsequent referrals to BMUs are referring to those related to 
secondary osteon formation.    
4.1.1 Bone Remodeling 
 Remodeling produces secondary structures within cortical and trabecular bone 
and is the primary process of skeletal renewal and functional adaptation in mature bone. 
Remodeling removes and replaces small packets of bone through the initiation of BMUs. 
A BMU contains two main cell types 1) osteoclasts which resorb bone, forming what is 
known as a resorption space (Robling et al., 2006) and 2) osteoblasts that fill in the 
resorption space with osteoid which mineralizes to form new bone (Robling et al., 2006). 
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This process results in the formation of an osteon (including a centrally located secondary 
vascular canal) or hemi-osteon in cortical or trabecular bone, respectively.  
The concept that bone renews itself throughout life by remodeling has been 
accepted since the 1800‟s (Tomes and de Morgan, 1853); however, the factors that 
activate a BMU are still not well characterized, but appear to include mechanical and 
hormonal stimuli (Parfitt, 2002, Pearson and Lieberman, 2004). Advancements have been 
made in understanding how the cellular activity of a BMU is regulated (Teitelbaum, 
2000); however, little was known regarding the 3D morphology of BMUs and the osteons 
they produce until Cooper et al.‟s study in 2006 looking at BMUs in human cortical bone 
using micro-CT (Cooper et al., 2006). The ability to image BMUs in 3D provides 
researchers with a new perspective in which to understand how BMUs are regulated. 
More specifically, how mechanical stimuli affect BMU orientation and morphology.  
 Imaging technology is constantly evolving and has advanced to the point where 
rat vascular canals can be imaged and quantified using a desktop micro-CT as previously 
described in Chapter 2 and my 2010 publication (Britz et al., 2010) and osteocyte lacunae 
can be imaged in mice using nano-CT (Schneider et al., 2007, Voide et al., 2009). The 
caveat of these high resolution imaging techniques is the decrease in the size of the field 
of view (Cooper et al., 2007b, Schneider et al., 2007). In order to overcome the small 
field of view in these new imaging techniques small animal models are needed to address 
questions regarding how different stimuli affect BMUs, more specifically, mechanical 
stimuli. The aforementioned studies have indicated that rats and mice have bones that are 
small enough to utilize these new 3D imaging techniques for imaging their bone micro- 
and ultrastructure (vascular canals and osteocyte lacunae, respectively). The use of rodent 
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bones in studies regarding BMU characteristics and therefore remodeling have their own 
limitations. Unlike bones of higher mammals, rodent bones rarely undergo intracortical 
remodeling (Schneider et al., 2007) so before they can be used to test remodeling 
hypotheses the remodeling events in question must be induced. 
4.1.2 Inducing Remodeling in Rats 
 There are two non-pharmacological ways by which to induce remodeling within 
the rat that are commonly used 1) introduction of an exercise program (increased loading) 
and 2) pregnancy and lactation (increased calcium demands). Long bones respond to 
physiologic changes that occur during exercise. For example, there are increases in bone 
perfusion during exercise (Tondevold, 1983, Tondevold and Bulow, 1983). Literature 
suggests that different forms of exercise can induce intracortical remodeling in rats (Li et 
al., 1991, Notomi et al., 2000, Parker, 1977); however, the magnitude of this change is 
dependent on the intensity of the exercise (Antonov, 1980). Inducing intracortical 
remodeling through exercise does not provide a good solution to the lack of remodeling 
within the rat model since there is extensive debate as to whether or not remodeling 
occurs to repair microcracks (Martin, 2002). This provides a major problem in using this 
technique for studies looking at how mechanical stimuli affect BMU orientation since the 
exercise regime could be damaging the bone, forming microcracks, which would then 
drive the orientation of the BMUs (Martin, 2003). 
 Intracortical remodeling can also be induced in rats through the natural processes 
of pregnancy and lactation (Ellinger et al., 1952, Ream et al., 1983). It is well known that 
the skeleton serves as a store of calcium, and during periods of lactation rats lose calcium 
from their bones regardless of the amount of calcium in their diet (Komarkova et al., 
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1967, Spray, 1950).  During a normal lactation period in rats, there may be as much as a 
35% loss of skeletal bone mineral during the 21 days of lactation (Brommage and 
DeLuca, 1985). It has been shown that this loss of skeletal bone mineral during lactation 
is met through bone resorption (Ellinger et al., 1952).  
 A variety of experiments have been conducted that look at the effects of 
pregnancy and lactation (Miller et al., 1986, Vajda et al., 2001), multiple pregnancies and 
lactations (Miller and Bowman, 2004) and pregnancy and lactation on a calcium 
restricted diet (Lozupone and Favia, 1988, Rasmussen, 1977a) on bone microstructure 
and have found evidence of remodeling being induced by these techniques. The 
justification for conducting these tests with a calcium restricted diet is that with a calcium 
deficient diet, pregnancy and lactation may cause greater decrease in bone mineral 
(Bawden and McIver, 1964, Rasmussen, 1977b) which may be achieved through an 
increase in the number of remodeling events. 
4.1.3 Pilot Study Objectives 
 Inducing intracortical remodeling through pregnancies, lactations and calcium 
restrictions present a more natural way to look at the effects mechanical stimuli have on 
remodeling. It is a more effective solution to the low levels of intracortical remodeling 
because it does not produce „side effects‟ such as microcracks, which may influence 
BMU orientation. Thus, the primary goal of this pilot study was to compare the levels of 
remodeling induced by either calcium restriction alone or coupled with pregnancy and 
lactation. 
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4.2 Materials and Methods 
4.2.1 Specimens 
 Four female Sprague-Dawley rats (19 weeks old) were separated into two groups 
1) calcium restricted (n=2) 2) calcium restricted while going through pregnancy and 
lactation (n=2). These two groups were fed a diet containing 0.05% calcium (TD.10908, 
Harlan Laboratories Inc.) for the duration of the study. The females in the pregnancy and 
lactation while on a calcium restricted diet group were mated with age matched male 
Sprague-Dawley rats (n=2) at 20 weeks of age. At the end of the reproductive cycle the 
rats were euthanized (26 weeks old) by carbon dioxide exposure followed by cervical 
dislocation. The left tibiae from these rats were extracted and employed for this study. 
Approval for this pilot study was granted by the University of Saskatchewan Biomedical 
Research Ethics Board (permit # 20100097; see appendix A). The rats were housed in 
pairs in conventional cages, at 20-22°C and had access to food and water ad libitum. 
4.2.2 Micro-computed Tomography 
 Subsamples of the tibiae were cut using an Isomet 1000 slow speed saw (Buehler, 
Lake Bluff, USA) at the tibia-fibula junction and immediately distal to the tibial crest. 
This segment of bone was soaked in 3% hydrogen peroxide for three days to clear the 
soft tissue and allowed to air dry. These samples were scanned using a SkyScan 1172 
(Kontich, Belgium) x-ray microtomograph (< 5 µm x-ray source spot size; 8.83 camera 
pixel size). As previously described in Chapter 2 and my 2010 publication (Britz et al., 
2010), the samples were rotated through 360 degrees at a rotation step of 0.09 degrees. 
The x-ray settings were standardized to 100 kV and 100 µA, with an exposure time of 0.2 
seconds per frame. Two-frame averaging was used to improve the signal-to-noise ratio. A 
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1 mm thick aluminum filter and a beam-hardening correction algorithm were employed 
to minimize beam-hardening artefacts. The scan time for each sample was approximately 
3 hours. Each scan produced 1124 contiguous slices with a nominal resolution (isotropic 
voxel size) of 3 µm. To reduce image noise and preserve detail in three dimensions, the 
image series were passed through a 3D median filter with a 3 x 3 x 3 cubic kernel. These 
images were analyzed using CT Analyzer 1.9.1.0 (SkyScan, Artselaar, Belgium). The 
volume of interest contained the whole bone cross section and was extended through 300 
slices (0.9 mm).  The canals were identified using a standardized global threshold and the 
binarized datasets were then „despeckled‟, removing noise in the form of 3D objects that 
consisted of less than 25 voxels. Cortical thickness was measured using a model-
independent distance transform based on Euclidean distance (see Jones et al., 2009, 
Mickel et al., 2008 for reviews) where the diameter at a specific point in the structure is 
the diameter of the largest sphere, which can fit completely inside the 3D structure. BMU 
counts were obtained by importing the micro-CT slices into Amira 5.3 (Visage Imaging 
Inc., Berlin, Germany) where a volume render of the canals was made and the BMU‟s 
(blunt ended canals) were manually counted and verified in ImageJ (v1.43, NIH; 
http//rsb.info.hih.gov/ij/) (Figure 4.1). Bone volume was also measured within Amira and 
used to calculate BMU density (number of BMUs per volume of bone; BMU/mm
3
).    
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Figure 4.1 – A 3D rendering of the blunt ended canals counted in this study from the 
anterior region of the cross section. The arrows are indicating a few of the blunt ends. 
Scale bar = 100 µm. 
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4.3 Results 
 Due to the nature of this pilot study, there were only two specimens per group; 
therefore, no statistical tests were performed making this a qualitative study. All 
measures can be seen in Table 4.1. The rats that were just on the calcium restricted diet 
(469 g and 437 g) seemed to weigh more than those that were subjected to pregnancy and 
lactation (360 g and 323 g). No behavioral changes were noted, other than late in 
pregnancy the pregnant rats moved around less than their non-pregnant counterparts. 
Another point worth noting was that Rat 1 in the pregnancy and lactation group had 12 
pups whereas, Rat 2 had 15. Qualitative observations of the cross sections revealed a 
marked difference in cortical thickness between the two groups (Figure 4.2). Mean 
cortical thickness for the calcium restricted rats and the pregnant and lactating rats that 
were on a calcium restricted diet were 622 µm and 419 µm, respectively. The rats that 
were subjected to just the calcium restriction seemed to have thicker cortices then those 
who also underwent pregnancy and lactation (Figure 4.2). The calcium restricted rats had 
a mean BMU count of 16 where as the rats that had also underwent pregnancy and 
lactation had a mean BMU count of 13 BMUs. Due to the similarity in BMU counts for 
both groups the number of BMUs per bone volume (BMU density) was measured. Mean 
BMU density was found to be 4.0 BMUs/mm
3
 for the calcium restricted rats and 5.5 
BMUs/mm
3
 for the rats that experienced pregnancy and lactation as well. It should also 
be noted that there seemed to be large resorption spaces, which are more consistent with 
BMUs found only in the pregnant and lactating group (Figures 4.3 and 4.4).    
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Table 4.1 – Measures taken for each specimen in this pilot study. 
Measure Calcium Restriction 
Calcium Restriction, Pregnancy and 
Lactation 
 Rat 1 Rat 2 Rat 1 Rat 2 
Body Weight (g) 437 469 360 323 
Cortical Thickness (µm) 641 603 388 450 
Number of BMUs 13 19 14 12 
BMU Density (BMU/mm
3
) 3 5 6 5 
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Figure 4.2 – Standard deviation projections through 300 micro-CT slices for each of the 
bones employed in this study. Note the differences in cortical thickness. With regards to 
Table 4.1 – Rat 1 for both groups is on the left and Rat 2 is on the right. Scale bars = 100 
µm. 
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Figure 4.3 – A micro-CT slice from a femur of a rat that went through pregnancy and 
lactation while on a calcium restricted diet. The white arrows indicate resorption spaces. 
Scale bar = 100 µm. 
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Figure 4.4 – A 3D rendering of the resorption spaces seen in Figure 4.3 and some of the 
surrounding canals. Scale bar = 100 µm. 
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4.4 Discussion 
 It has been previously noted that different combinations and durations of calcium 
restriction, pregnancy and lactation induce remodeling in rat cortical bone (Currey and 
Hughes, 1973, de Winter and Steendijk, 1975, Ellinger et al., 1952, Leopold et al., 1995, 
Lozupone and Favia, 1988, Miller and Bowman, 2004, Rasmussen, 1977a, Ream et al., 
1983, Ruth, 1953); however, to my knowledge a comparative study between methods of 
induction has never been conducted looking specifically at BMU or osteon numbers. This 
pilot study is thus the first of its kind to examine how calcium restriction, pregnancy and 
lactation affect BMU numbers as well as the gross morphology of the bone (cortical 
thickness). Bones subjected to pregnancy and lactation while on the calcium restricted 
diet seemed to have thinner cortices then those on the calcium restricted diet alone 
(Figure 4.2). Rasmussen found that rats fed a calcium restricted diet had thinner cortices 
than rats fed a normal diet and that rats that went through pregnancy and lactation while 
on a calcium restricted diet had the thinnest cortices out of the three groups (Rasmussen, 
1977a) which is in agreement with what was seen in this pilot study.  
 The BMU counts for the calcium restricted rats seemed to be more variable than 
those obtained from the rats that had also undergone pregnancy and lactation (Table 4.1), 
which demonstrates the inherent limitation of this pilot study – inadequate number of 
specimens. The small number of specimens permitted to be used in this study did not 
allow for possible inter-individual variation which is evident in the shape difference seen 
in Figure 4.2 between the two pregnant and lactating rats, and is possibly responsible for 
the similarity in the BMU counts for the two groups.  It was not possible to overcome this 
limitation by comparing the results from this pilot study to other studies which indicate 
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remodeling is induced in rat cortical bone since BMU or osteon counts were not made in 
these studies, large resorption spaces or osteons were just noted as being seen (Currey 
and Hughes, 1973, de Winter and Steendijk, 1975, Ellinger et al., 1952, Leopold et al., 
1995, Lozupone and Favia, 1988, Miller and Bowman, 2004, Rasmussen, 1977a, Ream et 
al., 1983, Ruth, 1953).  
 Since there seemed to be differences in cortical thickness between the techniques 
used to induce remodeling in this study, the use of a BMU count for each bone may not 
be indicative of which technique is more apt to induce remodeling. For this reason, BMU 
densities (number of BMUs per mm
3
 of bone) were calculated. The BMU densities 
seemed to be similar between the two groups (Table 4.1). A possible explanation for this 
is that resorption spaces indicative of remodeling events tend to be seen on the endosteal 
side of the cortex (de Winter and Steendijk, 1975, Leopold et al., 1995, Lozupone and 
Favia, 1988), so the increased endosteal resorption resulting in the thinner cortices of the 
pregnant and lactating rats in this pilot study could be eliminating potential BMUs. Other 
studies have found that the administration of a calcium restricted diet to rats undergoing 
pregnancy and lactation results in a greater decrease in cortical thickness than the 
processes of pregnancy and lactation alone (de Winter and Steendijk, 1975, Lozupone 
and Favia, 1988). This finding indicates that pregnancy and lactation alone could provide 
a better model for inducing remodeling events since there is a reduction in the amount of 
endosteal resorption, thereby fewer potential BMUs are being eliminated due to endosteal 
resorption.  
  It must be noted that the BMU counts in this pilot study should not be viewed as 
exhaustive. Since the cortical canal network is complex and highly variable it is likely not 
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all BMUs were detected. Additionally, BMUs were counted by determining the number 
of blunt ended canals; however, these were of the same magnitude as the rest of the 
vasculature within the cortex. Blunt ended canals normally indicative of BMUs tend to be 
enlarged compared to the surrounding vascular canals (Cooper et al., 2006). This poses 
the question of whether or not these blunt ended canals are actually due to remodeling. 
Normally, remodeling employs the activation of multiple osteoclasts, resulting in an 
enlarged blunt end (cutting cone); however, a recent study by Nango et al. suggests that 
remodeling in mice may be initiated by a single osteoclast (Nango et al., 2010). This 
would explain why the blunt ended canals in this study were the same size as the 
surrounding vascular canals. Large resorption spaces which are indicative of „normal‟ 
(multi-osteoclast) remodeling were seen in the rats that experienced pregnancy and 
lactation (Figures 4.3 and 4.4). This observation suggests rodents may undergo two forms 
of remodeling. It is possible that rats have very low calcium demands normally so boring 
a large resorption space in their cortex for adaptation purposes alone would be 
uneconomical and potentially disastrous to the bone in terms of strength and viability. 
Whereas, single osteoclast resorption could provide the bone adaptation needed for the 
bone to endure the mechanical strains it experiences and enough calcium to meet their 
nutritional demands without severely weakening the bone. If rats do actually have two 
forms of remodeling, many of the canals considered to be primary in Chapter 3 might 
actually be secondary canals.  
 The results of this pilot study indicate that intracortical remodeling can be induced 
in rats; however, due to sample size it is inconclusive as to whether or not calcium 
restriction alone is sufficient to induce remodeling to a point where it provides an 
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appropriate model for using rats in bone adaptation studies. The rats that underwent 
pregnancy and lactation seemed to have larger resorption spaces indicative of traditional 
BMUs making it the better technique for inducing remodeling; however, it is possible 
that rats undergo two forms of remodeling. This warrants further study into the 
mechanisms by which rat bones remodel and a larger scale comparative study of 
techniques for inducing remodeling in rats. 
 
4.5 Conclusion 
 It is possible to induce remodeling in rat cortical bone; however, this study was 
inconclusive as to whether calcium restriction alone provides a significant increase in 
remodeling sufficient to ensure the rat is an appropriate model for bone adaptation 
studies. This pilot study has also demonstrated the possibility that rats undergo two forms 
of remodeling which could pose a further limitation in the use of rats for bone adaptation 
studies in terms of interpolating the results from these studies to questions of bone 
adaptation in humans. 
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CHAPTER 5: 
CONCLUSION 
 
5.1 Introduction 
 The overarching goal of this thesis was to contribute to the greater understanding 
of the 3D microarchitecture of cortical bone and how it adapts to mechanical stimuli. 
Relative to the knowledge of how loading affects bone gross morphology and trabecular 
arrangement, little is known regarding 3D cortical microarchitecture. This is, in part, due 
to the recent availability of high resolution imaging techniques and their inherent 
limitations, such as the trade-off between resolution and field of view (Cooper et al., 
2007a, Schneider et al., 2007). Therefore, a small animal model is needed to overcome 
this imaging limitation as well as provide a model that can be experimentally manipulated 
to address hypotheses concerning bone‟s ability to adapt to mechanical stimuli. This, in 
turn, will contribute to a number of research fields including bone biology and disease, 
paleontology and physical anthropology.   
 
5.2 Overview 
 The study presented in Chapter 2 laid the foundation for the thesis in terms of 
methodology. The scanning protocol developed in this chapter allowed for the 
visualization and quantification of the vascular canals within rat cortical bone using a 
desktop micro-CT. Previously, rat cortical porosity had only been examined in 3D using 
SR micro-CT (Matsumoto et al., 2006, Matsumoto et al., 2007). It was found that desktop 
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micro-CT provides a reliable measure of percent porosity and a correctable measure of 
canal diameter (desktop micro-CT overestimates this measure by 5 microns).  
 Chapter 3 presented, to my knowledge, the first study to measure the 3D 
orientation of vascular canals within rat cortical bone. The scanning protocol developed 
in Chapter 2 was employed to generate the 3D data sets needed to measure orientation. 
This chapter examined the impact of immobilization (unloading) on cortical vascular 
canal orientation within the rat tibia. I found that loading affects cortical canal orientation 
during growth. Under normal loading conditions (external control group) primary 
vascular canals in the rat followed an oblique path, which was significantly (p<0.001) 
more longitudinal than both the immobilized and internal control groups (9.9° and 6.8°, 
respectively). The mean orientation of the internal control group was not significantly 
different from the immobilized group, plots of the binned distributions of canal 
orientations revealed that loading was having an impact, and that mean orientation does 
not provide a representative measure of how loading is affecting the orientation of 
vascular canals around the diaphysis. 
 Chapter 4 was a pilot study, which explored different methods for inducing 
cortical bone remodeling in the rat tibia. The ability to do this would make rats a better 
model for future studies looking at loading and canal orientation. This chapter compared 
calcium restriction and calcium restriction coupled with pregnancy and lactation in terms 
of cortical thickness, number of BMUs and BMU densities. Pregnancy and lactation 
coupled with calcium restriction seemed to result in bones with thinner cortices than 
those that were subjected to calcium restriction alone. There did not appear to be any 
differences between the two groups for number of BMUs and BMU densities; however 
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there were only two specimens per group, which did not allow me to account for inter-
individual variation or perform statistical analyses. This chapter also demonstrated the 
possibility that rats undergo two forms of remodeling (single and multi-osteoclast 
resorption); however, it should be noted that the large resorption spaces were only 
observed in the rats that had been subjected to pregnancy and lactation in combination 
with being fed a calcium restricted diet.   
 
5.3 Future Directions 
 With respect to the original purpose of this thesis, a larger scale follow up of the 
study presented in Chapter 4 is needed before an experimental test of how loading affects 
the 3D orientation of remodeling events can be executed. With regards to this follow up 
study, I think it would be useful to look at the effects of calcium restriction, pregnancy 
and lactation at different time points to maximize the number of BMUs while minimizing 
endosteal resorption. Since accumulation of bone mineral has been associated with 
pregnancy (Miller et al., 1986) looking at different time points during lactation may prove 
more advantageous in terms of maximizing BMU densities. During normal lactation in 
rats, there may be as much as 35% loss of skeletal bone mineral during the 21 days 
(Brommage and DeLuca, 1985). This suggests that there would be less endosteal 
resorption earlier in lactation. Examining the cortical bone microarchitecture after one, 
two and three weeks of lactation would allow for a better understanding of when and 
where this loss of bone mineral is occurring. It would also allow for the optimization of 
BMU densities, therefore, providing an effective technique for inducing remodeling in rat 
cortical bone. Another solution to the extensive endosteal resorption that occurs during 
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pregnancy and lactation, especially on a calcium restricted diet, would be to examine 
different skeletal elements that either have no medullary cavity or a smaller one. The 
absence of a medullary cavity would force the bone to remodel in order to obtain the 
body‟s calcium requirements instead of focusing primarily on resorbing the endosteal 
surface (Figure 5.1). 
 
 
 
Figure 5.1 – A 3D rendering of the BMUs found in the mid-diaphysis of a rat ulna. The 
ulna was from one of the rats employed in Chapter 4 who was subjected to pregnancy and 
lactation while on a calcium restricted diet. Scale bar = 100 µm. 
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 Before further studies can be performed looking at how loading affects the 
orientation of remodeling events a better understanding of how rats remodel is needed. 
Chapter 4 addressed the possibility of rats having two processes of remodeling, single 
and multi-osteoclast remodeling. The hypothesis of two modes of remodeling could be 
tested in two ways 1) section the tibia from the study described in Chapter 4 at the tip of 
the „cutting cone‟ (blunt end) for both the small and larger remodeling events and stain 
for osteoclasts 2) perform a study similar to that described in Chapter 4 and use in vivo 
micro-CT to track the remodeling events. While both experiments have their merits they 
both have their limitations as well. Using histology to count the number of osteoclasts at 
the tip of the „cutting cone‟ would indicate whether resorption was due to one or multiple 
osteoclasts; however, obtaining a section right at the tip would be difficult even with 
using the micro-CT scans for reference points. Using in vivo micro-CT to track 
remodeling events would allow for the examination of what is happening during the 
remodeling process. More specifically, are the bigger resorption spaces seen in the rats 
that were subjected to pregnancy and lactation while being on a calcium restricted diet 
due to a different mode of remodeling or are they formed by coalescing remodeling 
events? The average diameter of these larger resorption spaces was 125 µm, which is 
larger than the diameter of an osteon (72 ± 14 µm) found in rat cortical bone (Jowsey, 
1966). This would suggest that the larger resorption spaces are not the product of a single 
remodeling event.  
 The use of in vivo micro-CT is a novel technique for tracking these remodeling 
events, the caveat being the radiation dose experienced by the rat during the scans. 
Desktop in vivo micro-CT systems have primarily been used to examine trabecular bone 
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structure (Boyd et al., 2006, Campbell et al., Waarsing et al., 2004). This is due to the 
resolution capabilities of the system. Most in vivo micro-CT scanners are only able to get 
down to a 10 µm voxel size, which is not able to discern and quantify vascular canals 
within rat cortical bone. The problem with increasing resolution is the inadvertent 
increase in radiation dose that accompanies this change due to the longer scan times 
required (Ford et al., 2003). SR micro-CT could provide the solution to this resolution 
limitation inherent of desktop systems since synchrotron radiation improves image 
quality, reduces scan time and enables higher resolutions (Peyrin, 2009). SR micro-CT is 
also capable of generating edge-enhancing contrast known as „phase contrast‟ (Betz et al., 
2007, Meuli et al., 2004, Rustichelli et al., 2004), which has been shown to improve 
visualization of structures within mineralized tissues (Tafforeau and Smith, 2008). 
Incorporating the use of higher energies and phase contrast SR micro-CT should be able 
to reduce the radiation dose to a point where it is a viable technique for tracking 
remodeling events within rat cortical bone without being harmful to the rat. To date, in 
vivo SR micro-CT studies have focused on trabecular bone and have recorded doses of 5 
grays (Gy) (Kinney et al., 1995, Matsumoto et al.). Studies have found that a single dose 
of 5 Gy impairs bone regeneration in rats, but a dose of 2.5 Gy has no measureable 
clinical effects (Jacobsson et al., 1985). To add some perspective, the average scan in a 
desktop in vivo micro-CT results in a dose somewhere between 300 and 400 mGy 
(milligrays), which has no detectable effect on bone architecture (Brouwers et al., 2007, 
Klinck and Boyd, 2006). In that sense, in vivo SR micro-CT still needs to be optimized in 
order to attain the resolutions necessary to track remodeling events within rat cortical 
bone while subjecting the rat to the smallest radiation dose possible.   
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 With respect to the specimens used in this thesis, further investigation into how 
immobilization in Chapter 2 and the increased calcium demands in Chapter 3 affected 
osteocyte lacunae may be interesting. SR micro-CT has been shown to be capable of 
quantifying lacunar morphology (Schneider et al., 2007) and the use of phase contrast 
should enhance the visualization of the lacunae (Andrews et al., Power et al., 2001). One 
of the possible reasons for a lower remodeling rate in rats is that due to their size they 
may be able to fulfill their calcium requirements through the process of osteocytic 
osteolysis instead of remodeling. Osteocytic osteolysis is a process whereby osteocytes 
resorb bone within their localized lacunae (Belanger, 1969, Heller-Steinberg, 1951, 
Heuck, 1970, Krempien et al., 1973, Salomon and Volpin, 1970, Shea et al., 1968). One 
way to test this would be to measure lacunar volume and density in the bones from the 
experiment described in Chapter 3. If osteocytic osteolysis is capable of providing 
enough calcium to meet the rats requirements what would it mean in terms of bone 
adaptation in rats since load related stimuli play an important role in the health of the 
skeleton which dynamically adapts to the demands placed upon it? While gross 
morphological (Bennell et al., 2002, Howell, 1917, Rubin, 1984, Turner and Bell, 1986) 
and even tissue-level (Britz et al., 2010, Britz et al., 2009, Cooper et al., 2006, Cooper et 
al., 2007b, Cooper et al., 2003, Currey, 1988, Hert et al., 1994, Jee and Yao, 2001, Martin 
and Ishida, 1989, Petrtyl et al., 1996, Skedros et al., 1994a, Skedros et al., 1994b, Skedros 
et al., 1997, Yeni et al., 1997) adaptation have been the subject of much research, 
relatively little is known regarding cellular-level changes in morphology associated with 
loading. While the size, shape and density of lacunae have been proposed to reflect 
loading conditions, this link has yet to be definitely tested. Using SR micro-CT to look at 
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these measures in the specimens employed in Chapter 2 could shed some light on this 
area.   
 
5.4 Conclusion 
 This thesis has set the ground work for developing a small animal model for 
looking at the 3D implications of loading on bone microarchitecture. I have demonstrated 
that vascular canals within rat cortical bone can be visualized and quantified in 3D using 
micro-CT. While it was not possible to discern primary from secondary canals using 
micro-CT, canal orientation was measurable. Vascular canals within the cortex of a 
normally ambulating rat limb are oriented more longitudinally than those found within an 
immobilized (paralyzed) limb (9.9°) indicating loading to be a factor in determining canal 
orientation. It must be noted that not only was loading but also type/direction of loading 
was found to be important in dictating canal orientation.  
 I was unable to verify whether calcium restriction alone or coupled with 
pregnancy and lactation provided a greater increase in remodeling. The information 
gained from that study has allowed me design a better experiment to address the 
development of a more effective way to induce remodeling in rats. Once remodeling is 
induced to a significant level a study similar to that outlined in Chapter 3 can be 
conducted to look at the effects loading has on remodeling event orientation. The most 
important contribution of this thesis is the development of a method capable of imaging 
and measuring vascular canal orientation within a small animal such as the rat. The full 
development of this animal model will allow researchers to address the hypotheses 
  
   70 
concerning bone‟s ability to adapt to mechanical stimuli, ultimately leading to a better 
understanding of how loading affects cortical bone microarchitecture. 
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